Abstract. We present two methods that can be used to deproject spirals, based on Fourier analysis of their images, and discuss their potential and restrictions. Our methods perform particularly well for galaxies more inclined than 50
Introduction
Disc galaxies are observed projected on the sky. Yet for many purposes one needs to be able to deproject them. Thus in morphological studies one needs information on different sizes and their ratios, e.g. to obtain the shape of rings, the axial ratio and strength of bars, or the shape (diamond-like, elliptical, or rectangular-like) of bar isophotes. Similarly in photometrical studies one may need cuts along particular directions, like the bar major or minor axis, or one may need to compare arm with inter-arm regions located at the same distance from the center, or one may need to correct for extinction. For studies involving the Tully-Fisher relation one needs to know the inclination of the galaxy in order to obtain its velocity. Our own interest in deprojection angles stems from the fact that we started a quantitative study of the properties of spiral structure in near-by disc galaxies, and for this we first need to deproject all our images. Indeed the list of all studies for which it is necessary to know the spatial orientation of the galaxy is too long to include here.
We will study the spiral structure in disc galaxies decomposing each image by means of bidimensional Fourier transforms. The first step is to deproject the galaxy image. It is thus necessary to determine the two deprojection angles, namely the position angle (hereafter PA) and the inclination angle (hereafter IA). The PA is the angle between the line of nodes of the projected image and the north, measured towards the east, Send offprint requests to: C. Barberà, e-mail: cbarbera@etse.urv.es Table 7 is only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/415/849 while the IA is the angle between the perpendicular to the plane of the galaxy and the line of sight. Several methods have been proposed so far to obtain these angles, the most commonly used ones being based on photometry or kinematics. A standard way is to fit ellipses to the outer isophotes. The axis ratio of the outer ellipses is a measure of the IA, while the direction of the major axis gives the PA. Another procedure is based on the gas kinematics within the disc, using two dimensional velocity fields and assuming that the emission comes from material in a thin disk in circular motion around the center. The selected PA and IA angles are those that minimize the departures from such a flow.
These are not the only methods used in the literature. Danver (1942) used a special display table to rotate the galaxy images until they were circular. Grøsbol (1985) applied a one dimensional Fourier transform to the intensity distribution in the outer parts of galaxy disks and adopted the deprojection angles that minimized the bisymmetric (m = 2) Fourier coefficient. Comte et al. (1979) used the distribution of HII regions in the ln(r) − θ plane to fit straight lines to the arms, under the hypothesis that they are well described by logarithmic spirals. Two dimensional Fourier analysis has also been used to determine the deprojection angles. Considère & Athanassoula (1982) used the HII region distribution, selecting the angles that maximized the signal-to-noise ratio in the m = 2 component, and Considère & Athanassoula (1988) , applied the same criterion to galaxy images. Iye et al. (1982) used an image of NGC 4254 and selected the angles that maximized the axisymmetric component. Finally García-Gómez & Athanassoula (1991) and García-Gómez et al. (2002) also used HII region distributions and maximized the axisymmetric components These authors also used a second method selecting the deprojection angles that made the HII region distribution most uniform.
All methods used for the deprojection of disk galaxies suffer from some kind of systematic errors. They will all work properly in the case of perfectly axisymmetric thin disks in circular motion about their centers, which is never the case for real galaxies. Thus, when we fit ellipses to the outer isophotes, the presence of strong arms can bias the results. This bias is known as Stocke's effect (Stocke 1955) . On the other hand, Athanassoula & Misiriotis (2002) show that, even for very strong bars, the isophotes in the outermost part of the disc are sufficiently circular to be used for deprojection, provided that there is no spiral structure and one can go sufficiently far out from the center of the disc. The reason for this difference is that spiral arms extend far out in the disk, while bars are confined to the inner parts. Kinematical methods can be biased by warps in the outer parts, or by non-circular motions in the central parts due to bars or other perturbations.
The two deprojection methods, which we will introduce here, are based on the Fourier analysis of galaxy images. In Sects. 2 and 3 we introduce the sample and the methods, respectively. In Sect. 4 we assess our two methods and apply them to our sample. In Sect. 5 we compare the values obtained by the different methods, i.e. our two methods and those previously used in the literature. This will allow a quantitative comparison of the performance of the different methods. In Sect. 6, we adopt the values of the PA and IA that we will use in our quantitative studies of the spiral structure in the sample of galaxies. We summarize in Sect. 7. Frei et al. (1996) presented a catalog of images of 113 galaxies in different pass-bands. All galaxies are nearby, bright and well resolved and were selected to span all the Hubble classification classes. This catalog is thus ideal for statistical studies.
The sample
As we are interested in the spiral structure of disc galaxies, we selected from the Frei sample all the galaxies with Hubble types between 2 and 7. We included also the galaxies NGC 4340, NGC 4866 and NGC 5701 with Hubble types −1 and 0 and the galaxy NGC 4178 with Hubble type 8, as their disks have a regular shape and they are not too inclined. For the same reason, we discard nearly edge-on galaxies, in which structure is not visible.
We are left with a sample of 79 galaxies, the general properties of which are listed in Table 1 . Column 1 gives the galaxy name, Col. 2 the Hubble type and Col. 3 this type as coded in the RC3 catalog (de Vaucouleurs 1991) . Column 4 gives the arm class as defined in Elmegreen & Elmegreen (1987) . Finally, Col. 5 gives the filters used when observing each of the galaxy images. Figure 1 shows the distribution of galaxy types for our sample. We note that Hubble types are not uniformly sampled, since types Sbc to Scd are clearly over-represented. Figure 2 shows the distribution of arm classes in the galaxy sample. Again the different arm classes are not uniformly sampled. In the present sample, arm class 9 is much better represented than the other arm classes.
Deprojection methods
In this paper we introduce two methods, based on the Fourier transforms and which are closely linked to the two methods used by García-Gómez et al. (2002) for HII region distributions. Let I(u, θ) be the image of the galaxy written in polar coordinates (r, θ), and u = ln(r). We define the Fourier transform of this image as:
In this equation, p corresponds to the radial frequency and m to the azimuthal frequency. Thus the m = 1 values correspond to one-armed components, the m = 2 values to twoarmed components and so on. The values of u min = ln(r min ) and u max = ln(r max ) are set by the inner and outer radius of the image, or of the part that we will analyze. Fixing the value of m, we can calculate the power associated to this component simply as:
The value of p max is related to the resolution in Fourier space through
where N is the number of points used in the Fourier transform in the radial dimension, usually N = 256 or N = 512. In our first method we try to minimize the effect of the spiral structure by minimizing the ratio:
This is equivalent to maximizing the contribution of the axisymmetric component. Since a badly deprojected galaxy will look oval, and thus contribute to the m = 2 component as a bar, for our second method we simply minimize the ratio
In order to check the performance of our two methods, we tested them using artificially generated, yet realistic, galaxies.
In the first series of tests the artificial galaxies were simple axisymmetric exponential disks. We projected this disk using inclinations from 20
• to 80
• . Then, these disks were interpolated with square grids with decreasing resolution, in order to simulate the effect of lower resolution in more distant galaxies. We investigated resolutions ranging from 300 × 300 pixels to 40 × 40 pixels. For all these cases, we applied our two methods and compared their results with the true values of the deprojection angles. In all the cases our methods performed extremely well. The deprojection angles were recovered exactly, except in the cases of very low resolutions and inclinations lower than 30
• , where we obtained errors of the order of ±2
• in the values of PA and IA.
We repeated these experiments adding a spiral component to the disk. The artificial galaxy is then described by
where r, θ correspond to the polar coordinates and α, A, r 0 , σ and p are the constants of the model. In these cases we recovered again the deprojection angles with great precision, although not exactly. A typical example is given in Fig. 3 . For inclinations lower than 30
• both methods recovered the PA with a precision of ±4
• . For inclinations higher than 30
• we recovered the PA with a precision of ±2
• . These error bars were doubled in the case of very low resolutions. In the case of the values of IA, all methods recovered the IA value exactly in all cases, except in the cases of very low resolutions where the precision of the values of IA was about ±2
• . These tests show beyond doubt that both our methods perform very well, obtaining very accurate values of the deprojection angles for artificially generated, yet realistic, galaxies in a variety of situations. Our methods can perform very well for very inclined, nearly edge on galaxies, with inclinations as great as 80 degrees and they are also very reliable in the more difficult cases of galaxies nearly face on. An interesting result of the test is also the good performance of our methods in the case of very low resolutions. This indicates that our methods can be used also to obtain the values of the deprojection angles in the case of very distant galaxies. Thus, our methods can be applied with confidence to samples of galaxies of cosmological interest. We will apply these methods to the galaxies of the present sample and then compare the values of the deprojection angles determined by our methods with the angles determined by the rest of the methods that can be found in the literature.
Deprojection of the galaxies
We applied the two methods described in the previous section to the galaxies in the present sample. For each image we proceeded as follows. First we constructed a grid covering all the • and the inclination angle 30
• (full line), 45
• (dashed line), 60
• (dot-dashed line) and 75
• (dotted line). Note the excellent performance of all methods in all cases. For this particular example we adopted α = 30, A = 0.1, r 0 = 25, σ = 12.5 and p = 2.
possible range of values of the PA and IA in increments of 2 degrees. For each pair of angles (PA,IA) we deproject the galaxy image and we compute the Fourier transform (1) with the help of a polar grid. Using Eq. (2) we then calculate the power in each component and then the value of the ratios BAG1 and BAG2. We repeat this for every (PA,IA) pair on the grid. The optimum values are those for which we have a minimum.
We illustrate the use of our methods with the help of three galaxies: NGC 6503, NGC 5055 and NGC 3631. The first has been chosen as an example of a good case, the second of an intermediate and the third of a bad case. For each case, we give, on a rectangular grid of (PA,IA) values, two grey scale plots, one for the values of BAG1 and the other for the values of BAG2. Light shades denote low values and dark shades high values. We also superpose, on the grey scale plots, isocontours. The values in the parentheses above and to the right of each panel correspond to the values of the PA and IA that give the minimum value of the ratio in each case, i.e. the values that render the image most axisymmetric. The symbols depicted in each graph show the results found in the literature, obtained with other methods. For the ellipse fitting of the outer isophotes of an image we use the symbol P, for values based on a kinematical analysis we use a K symbol followed by another letter to indicate the kind of data used. Thus KH indicates HI velocity fields, KO optical velocity fields, KC is used for CO velocity fields and KS for long slit measures. For methods based on the spiral structure we use a S. The "×" mark the position of the minimum values of BAG1 or BAG2, depending on the plot. The squares correspond to the mean weighted values given in Table 8 and obtained from BAG1 (or BAG2, respectively) and all the images of this galaxy and finally, the filled circle marks the location of the adopted values for this galaxy as explained in Sect. 6. Figure 4 shows our results for NGC 6503, a good case where the position of the minimum is well constrained by both methods, which further agree well between them and also with the rest of the estimates, as given by other methods found in the literature. In Fig. 5 we show the results for the galaxy NGC 5055.
NGC 3631 is an example of a very poor case and is shown in Fig. 6 . As we can see, all the methods give values of the IA that are in general agreement, while the values of the PA are not well constrained. Only the kinematical methods are capable of constraining the value of this angle for galaxies with low inclinations. In Figs. 7-10 we show the images of NGC 3351, NGC 3486, NGC 4501 and NGC 5364, deprojected with the adopted deprojection angles.
For the computation of the Fourier transforms it is necessary to avoid the very central parts of the galaxies as we work with logarithmic radial coordinates (u = ln(r)) and the center will give a singularity. In general it is sufficient to eliminate a relatively small part. For example, for the Frei sample we found it sufficient to eliminate the innermost part of the image, which is within a radius equal to 10% of its extent. There are two cases, however, where it is necessary to discard a larger region. The first case corresponds to galaxies with noticeable bulges. These, being nearly spherical, look round on the plane of the sky. When deprojecting the galaxy, the bulge will be stretched to an elongated shape, thus giving strong spurious signals in the m = 2 components that will bias results towards (PA,IA) = (0,0). Thus for this kind of galaxies it is necessary to avoid the bulge-dominated region and use mainly the disc in calculating the Fourier transform. For the Frei sample we found that, for such galaxies, we had to avoid the inner region within a radius equal to 20% of the extent of the image. For a few cases with great bulges like NGC 3031, it is necessary to go even to 30%. Another galaxy type where is necessary to discard a more considerable region in the central parts of the image are the strongly barred galaxies, like NGC 3351 or NGC 4548. If we keep this inner structure, our methods try to render the bar circular and not the external disc. As the bars are normally of larger dimensions than the bulge, for these cases it is necessary to eliminate a region enclosing the whole bar and, in cases with an inner ring, also that ring. In some cases this includes a region within a radius equal to 50% of the extent of the image. In these cases, however, we are left with the less bright and noisier parts of the galaxy image and we can expect larger uncertainties.
It is crucial to consider how well our two methods constrain the deprojection angles they find. Indeed if the minimum in figures like 4, 5 or 6 is very shallow, then any small perturbation, due to e.g. local structure on the images, may cause substantial changes in the values of PA and IA at which the minimum occurs, and thus large uncertainties ∆PA and ∆IA. In order to quantify this effect we proceed as follows. We first find the minimum and maximum of all BAG1 and BAG2 values on the grid, and divide the range they delimit in 20 equal parts. We then calculate the number of pair values of PA and IA within the lower most 5% of this range and calculate the ratio, N 5 , of the number of pair values in this bin over the total number of pair values. This value is a measure of the size of the well surrounding the minima. For well constrained values N 5 will be small and the larger it gets the greater is the uncertainty in the Let us now compare the relative performance of our two methods. In Fig. 11 we plot the correlation between the N 5 values determined using the BAG1 method against the values determined by the BAG2 method. The solid line corresponds to the best fitting straight line with a correlation coefficient of 0.92 and a slope of 0.95, while the dashed line indicates a one to one correlation. For this plot we use all the galaxies in the sample, combining the r and R pass-bands. It shows that the performance of the two methods is comparable, BAG2 giving somewhat better constrained values.
We next consider whether there is any dependency of the uncertainty on the color used to obtain the galaxy image. In Fig. 12 we give the correlations between the N 5 values B J − R correlation, and 0.97, for the r − i correlation. These plots show that the passband used in the galaxy image is not an important source of uncertainty in the determination of the deprojection angles. There is tendency for R to fare better than B J , and for r to fare better than i, which in turn fares better than g, but the effect is small. The correlations for the values obtained using the BAG1 method are similar.
In Fig. 13 we show histograms of the distribution of the number of galaxies as a function of the N 5 value. The left panel corresponds to the values of the BAG1 method, while the right panel corresponds to the values of the BAG2 method. Based on the results of Fig. 12 we have pooled together in these plots all the images in the different pass-bands. As can be seen, for the great majority of images we obtain low values of the N 5 ratio, indicating that the deprojection values are well constrained. In both cases, however, the distribution seems to be bimodal, and there are a few galaxies for which we obtain large values of N 5 , indicating that there are large uncertainties in these cases. Let us now consider the source of these large uncertainties.
The main source of uncertainty is in fact the orientation of the galaxy on the plane of the sky. For nearly face-on galaxies it is difficult to determine the IA and, particularly, the PA. Thus, for these galaxies we may expect greater uncertainties. This is shown in Fig. 14 where we plot the N 5 values as a function of the inclination angle, pooling together all the images in the r and R pass-bands. The lower panel corresponds to the BAG1 method and the upper panel to the BAG2 method. This figure shows that the deprojection angles are very well constrained by our methods for all galaxies with inclinations greater than 45 degrees. On the other hand, uncertainties may appear for galaxies with a lower value of the inclination angle. Such uncertainties are indeed expected for galaxies with inclination angles less than 35 degrees. Indeed, in such cases, methods based on images are not sensitive to the PA angle and one has to turn to kinematic methods. There are, however, galaxies with inclination angle between 35 and 55 degrees which have large uncertainties, and we want to examine the source of these uncertainties further. We find a systematic trend with family (i.e. with the existence of a bar). In Fig. 15 we plot N 5 as a function of bar strength using our two methods and restricting ourselves to galaxies with inclinations between 35 and 55 degrees. We note a systematic increase of N 5 with bar strength. Thus, the bar strength is a significant source of uncertainty for both our methods. This is due to the fact that for barred galaxies we use a smaller fraction of the image, thus making our methods less precise and less immune to "noise" or structure in the galaxy. To show this we took a non-barred galaxy, NGC 3486, and calculated N 5 discarding the innermost 50% of the image as for the case of strongly barred galaxies. We found a considerable increase of N 5 , thus proving that it is the reduction of the fraction of the image that we use in the Fourier transform that introduces this uncertainty. Hubble type and Arm class could in principle also affect the uncertainties of our two methods. To test this we constrain ourselves to galaxies with inclination angles between 35 and 55 degrees and plot the values of the N 5 ratios as a function of Hubble type and Arm class. We did not find any significant trend, thus indicating that our methods are not affected by the Hubble type (i.e. the relative bulge size of the galaxy) or Arm class (i.e. the presence of strong arms). The former must be due to the fact that the central region carved out because of the bulge is smaller than that carved out because of the bar, thus leaving sufficient disc area for the Fourier transforms.
Comparison of the deprojection methods
In this section we will compare the values of the deprojection angles determined by the different methods. In making the comparisons we grouped the methods in groups which are as homogeneous as possible. We thus group together all the values determined by the kinematics, as all authors use similar methods for data reduction. We also group together all values obtained by means of ellipse fitting to the outer isophotes. We use also the values of the RC3 (de Vaucouleurs et al. 1991) catalog as a single group, as they constitute a large and rather homogeneous sample. The same can be said for the values determined by Grøsbol (1985) and Danver (1942) . We will also consider another group formed by all the previous determinations of the deprojection angles obtained from the different criteria on the power spectra obtained by bidimensional Fourier transforms on the HII region distribution of the galaxies. This gives us a total of six groups.
For comparing any two methods we fitted a straight line to all pairs of values, using a maximum likelihood algorithm (Press et al. 1992) , which minimizes the χ 2 merit function
where σ 2 xi and σ 2 yi are a measure of the errors for the ith value. In the correlations including the PA, we assign weights according the IA, since galaxies with low inclination have illdefined position angles. These weights are taken from a linear function of the IA, such that this weight is zero for a face on galaxy (IA = 0) and one for a galaxy with IA = 30 degrees. For IA ≥ 30 this weight is taken as unity. The σ xi and σ yi are taken as the inverse of the weights, i.e. σ i = 1/w i . For the correlations with the IA we use unweighted values, i.e. σ xi = σ yi = 1.
Errors in the determination of the deprojection angles will introduce a scatter in the plot and lower the correlation coefficient as well as increase the mean of the orthogonal distances. We can use the parameters of these lines and the goodness of fit coefficients to measure quantitatively the relative performance of the different methods. For each straight line we obtain the value of the zero point (a) and of the slope (b), as well as two measures of the goodness of the correlation. These are the weighted mean of the perpendicular distances of the points to the straight line and the weighted correlation coefficient, defined as
where the means are defined as
In Figs. 16-18 we show examples of correlations between methods. In Fig. 16 we show the correlations between the values derived for the PA (left panel) and the IA (right panel) for our two methods. As we can see, there is an excellent agreement between them, with a weighted correlation coefficient of 0.97 for the PA values and 0.97 for the IA values. In Fig. 17 we show the correlations between our first method and the values derived from the kinematics. In this case, the correlation coefficients are 0.91 for the PA values and 0.86 for the IA values, showing again a good agreement between these two methods. Finally, in Fig. 18 we show the correlations between our second method and the values given in the RC3 catalogue (1991). The correlation coefficients are in this case 0.96 and 0.87, again showing a good agreement. All the rest of the correlations have a similar shape and similar correlation coefficients. The results of all the correlations are shown in Tables 2  to 6. Table 2 shows the mean weighted orthogonal distances to the regression lines. The values above and to the right of the main diagonal correspond to the correlation of the PA values, while the values below and to the left of the main diagonal correspond to the correlations of the cos(IA) values. We use the cos(IA) instead of the IA values because the former are uniformly distributed in the sky. Table 3 shows the weighted Table 6 gives the number of points used in each correlation. Note that for a given pair of methods these numbers do not need to be equal for the PA and IA correlations, as some authors give only one of these values.
Both the figures and tables show that the PA values are better determined in a statistical sense than the IA values, in good agreement with what was already found by García-Gómez & Athanassoula (1991) and García-Gómez et al. (2002) . The mean correlation coefficient for the PA values is 0.86, while the mean correlation coefficient for the IA is 0.81. But this effect is only marginal.
We can not single out any particular method as being better than the rest, since all the correlations give both for the PA and IA zero points near zero and slopes near 1, thus indicating that none of the methods gives a systematic bias in the determination of the values. We can also check the dispersion in each method either by computing the mean of the correlation coefficients of a method over the rest, or by using the mean distance. None of the methods has means which are strongly discrepant with the rest of the mean values. The lowest mean of the correlation coefficient and the highest mean distance is obtained for the values determined using the ellipse fitting to the outer isophotes, but this could be due to the fact that this is the most heterogeneous set of data. Our two methods give mean correlation coefficients with the rest of the methods of 0.89 for BAG1 and 0.9 for BAG2 in the case of PA and of 0.87 and 0.88 for the BAG1 and BAG2 method respectively in the case of IA. This indicates that our methods are well suited for the derivation of the deprojection angles. In general, we can conclude that all the methods for deriving the deprojection angles are well suited from a statistical point of view.
Final adopted values
For each galaxy we need to adopt a pair of deprojection angles that will be used for the subsequent analysis of the spiral structure and which is based in all the information obtained for that galaxy combining the results of different methods. The results of our analysis are shown in Table 7 , which will be only published in electronic form at the CDS. In Col. 1 we give the galaxy name, then for each galaxy we give in Cols. 2-3 the results of method BAG1 for each of the filters. Columns 4-5 give the results of method BAG2. Column 6 give the filter used to obtain the image. Columns 7-8 give respectively the PA and IA measured for this galaxy using other methods that were found in the literature. Column 9 gives a weight for these values. These were obtained deprojecting the galaxy image in the r or R pass-bands and are just a measure of the degree of roundness of this particular image using these particular values of the deprojection angles. Column 10 gives a code for the deprojection method used to obtain these values. For photometric techniques we use a P, for kinematics we use a K symbol followed by another letter to indicate the kind of kinematics used. Thus, KH indicates HI velocity fields, KO optical velocity fields, KC is used for CO velocity fields and KS for long slit measures. For methods based on the spiral structure we use a S. In Col. 11 we give a code number to point to the reference from which these values were obtained, which is resolved at the end of the table. In Cols. 12-13 we give the mean PA and IA of the values obtained by method BAG1 using all the available Table 3 we give only the adopted values and their uncertainties for each galaxy. In Col. 1 we give the galaxy name, in Cols. 2-3 the adopted PA and its uncertainty ∆PA and in Cols. 4-5 the adopted IA and its uncertainty ∆IA.
Summary
In this paper we introduce two new methods to obtain the deprojection angles of disc galaxies. These are based on two dimensional Fourier transforms of galaxy images. We also introduce a way of assessing the accuracy of these estimates. The methods perform particularly well for galaxies with inclinations greater than 55 degrees. For less inclined galaxies, the major source of uncertainty is the bar strength. For nonbarred galaxies our methods perform well up to inclinations of 30 degrees. The tests of our methods show as well that they can be used for low resolution images, thus making them appropiate for samples of galaxies of cosmological interest. A statistical comparison with the values of the deprojection angles determined using other methods shows good agreement between the various methods, thus enhancing confidence in statistical results. When deriving the values for a particular galaxy, however, it is best to apply more than one method to obtain the values of the PA and IA, since different methods introduce different biases. It can thus be that for a particular galaxy two methods, because of their different biases, give rather different results, specially for the case of PA in nearly face-on galaxies. These biases do not make it possible to determine the deprojection parameters of a galaxy with a precision better than around five degrees. Finally, using a combination of the values obtained by our two methods and the rest of values found in the literature, we give a list of adopted deprojection angles with a measure of their respective uncertainty
Appendix A: Deprojection software
In order to facilitate the use of the two methods presented in this paper we make available upon request the software necessary for the PA and IA calculation. For those wishing to write their own software we give here some technical information on the methods. We found it more straightforward to do the interpolation on the plane of the sky. For this we first define on the plane of the galaxy an appropriate polar grid, which we project on
